We have studied the effects, in the conscious rat, of electrical stimulation of the dorsal or median raphe nuclei on integrated functional activity, as assessed by the quantitative 2-deoxyglucose autoradiographic tech nique, Stimulation of serotonergic neurons elicits meta
bolic changes in cortical and thalamic regions that are not limited to those structures known to receive the densest serotonergic innervation, The thalamic nuclei that are ac tivated by raphe stimulation include those that subserve the processing of somesthetic, accessory visual, and limbic information, Raphe stimulation increased cortical Although a central serotonergic innervation of the cerebrovascular bed is now widely accepted (Reinhard et aI. , 1979; Griffith et aI. , 1982; Ed vinsson et aI. , 1983) , relatively little is known about the influence of the raphe nuclei (the origin of sero tonin-containing nerves) on integrated functional activity within the forebrain, Such information is important because there is a corpus of experimental and clinical evidence, reviewed elsewhere (Mac Kenzie et aI. , 1985) , that would implicate the neu rotransmitter and vasoactive agent serotonin in the pathogenesis of various cerebrovascular diseases. One example would be classic migraine, a disorder that is characterized by the combination of both ce rebrovascular abnormalities and a variety of noci ceptive, visual, and tactile deficits (Dalessio, 1980) .
To investigate the functional role of serotonergic systems, we have studied the metabolic effects, in glucose use in a laminar and columnar pattern, but only in a highly circumscribed region that corresponds to the somatotopic representation of the rat's face and head, These findings indicate that ascending serotonergic neu rons play an important modulatory role in the regulation of thalamocortical glucose use, observations that may be of value in the understanding of the etiology and expres sion of classic migraine, Key Words: 2-Deoxyglucose-5-Hydroxytryptamine -Migraine -Raphe -Somes thesia-Thalamus, conscious rats, of electrical stimulation of the raphe nuclei as assessed by the 2-deoxyglucose (2-DG) method. The interest of the quantitative 2-DG tech nique is that the functional responses to manipula tion of a given neurotransmitter system are not nec essarily limited to rich target areas for that trans mitter but are also observed in circuits that are involved in the final integration of the functional re sponse (McCulloch, 1982) . For example, with the 2-DG technique many of the behavioral effects of dopaminergic agonists may be traced to brain areas devoid of dopamine receptors (McCulloch et aI. , 1979) .
METHODS
One week prior to the 2-DG experiments, rats were anesthetized with chloral hydrate (400 mg/kg i.p.) and placed in a stereotaxic frame with nonperforating ear bars, and bipolar coaxial electrodes (0.5-mm diameter) were implanted at the following coordinates [atlas of Konig and Klippel (1963) ]: dorsal raphe, anterior +4.3, lateral 0, H + 6, at a posterior angle of 4SO; median raphe, anterior + 2.2, lateral 0, H + 3.1, at a posterior angle of 30°. In sham-stimulated rats, the electrodes were sited I mm above either nucleus.
Local CMRglu was measured in lightly restrained con scious rats by the technique of Sokoloff and colleagues (1977) . At the time of the 2-DG study, the rats were anes thetized with halothane (2%), catheters were placed in femoral arteries and veins, and a loosely fitting abdom inal cast was applied. Two hours following recovery from anesthesia, the raphe nuclei were stimulated for 45 min biphasically at the following parameters: intensity =200 ,... ..
A, frequency 10 Hz, pulse duration 2 ms. [14CJ2-DG (125 ,... .. Cilkg) was administered intravenously 5 min after beginning the raphe stimulation.
The effects of electrical stimulation of either the dorsal or the median raphe nucleus on local CMRglu have been studied in 120 anatomically discrete structures in the rat brain. In this communication, only those results that per tain to the thalamus and the cerebral cortex are pre sented.
RESULTS AND DISCUSSION
Electrical stimulation of the dorsal raphe nucleus increased CMRg1u in a number of thalamic struc tures ( Fig. 1 ; Ta ble la). For example, CMRg1u was increased by 52 and 41 % in the anterior pretectal area and the olivary pretectal nucleus, respectively. Other structures significantly increased by dorsal raphe stimulation included the parafascicular nu cleus (+51%), the lateral ventroposterior nucleus (+ 34%), the ventromedian nucleus (+ 32%), the la-SHAM STIMULATED MEDIAN RAPHE STIMULATED teroposterior nucleus (+ 30%), the anteroventral nucleus (+ 28%), and the laterodorsal nucleus (+ 25%). The reticular nucleus of the thalamus was increased by 34% anteriorally and by 28% posteri orally. With stimulation of the median raphe nu cleus, although in general the changes were in the same direction, few structures attained statistical significance (Table 1 a) .
The increased thalamic CMRg1u induced by stim ulation of the dorsal raphe nucleus can often, but not invariably, be correlated to the density of the raphe-deri ved innervation of the diencephalon (Cropper et aI. , 1984; Peschanski and Besson, 1984) . For instance, significant increases in func tional activity were seen in the pretectal structures and in the parafascicular nucleus that are known to receive relatively dense projections from the mes encephalic raphe nuclei. However, in other tha lamic structures (reuniens, paraventricular nuclei), no change in CMRg1u was noted despite their known dense serotonergic innervation.
As the ultimate consequence of stimulation of the ascending serotonergic pathways, metabolic activa tion was observed in a number of thalamic nuclei that are involved in the processing of sensory infor mation [see Jones (1985) for references]. Explicitly, the parafascicular complex is an important site for
Representative 2-deoxyglucose autoradiograms at the level of the lateroventral thalamus and frontoparietal somatosen sory cortex in a sham-stimulated rat and two animals in which either the dorsal or the median raphe nucleus was stimulated electrically. The degree of grayness (optical density) is proportional to CMRg,u in each animal. A simplified schema, recon structed from Paxinos and Watson (1982) , of the areas of interest is shown in the lower right part of the figure. Note the columnar activation of the cerebral cortex and the significant changes in the thalamic nuclei (arrowheads). FrPaM, frontopar ietal motor cortex; FrPrSS, frontoparietal somatosensory cortex; LD, laterodorsal thalamic nucleus; PO, primary olfactory cortex; Rt, reticular thalamic nucleus; VM, ventromedian thalamic nucleus; VPL, lateral ventroposterior thalamic nucleus. In a. rates of CMR g 1u in various thalamic nuclei [classified according to Mountcastle (1979) ] are presented as means ± SEM where n = 7 in the sham-and dorsal raphe-stimulated groups and n = 5 in the median raphe-stimulated groups. In b. rates of CMR g 1u are presented as means ± SEM in lamina IV of various cortical regions.
As compared with the sham-stimulated rats (analysis of variance and Scheffe's test): "p < 0.05, b p < 0.01, cp < 0.001. the modulation of nociception in the forebrain; the ventrolateral complex receives afferents from the medial lemniscus and spinal and trigeminal tracts and is of major importance in somesthesia. The pretectal region and lateroposterior and latero dorsal nuclei are involved in pupillary accommoda tion and accessory visual control. Finally, although the ventromedian nucleus participates in a number of extrapyramidal circuits, it is also a relay for the processing of gustatory information. Limbic ac tivity would also be implicated in the observed acti vation of the mamillary bodies (increased by 44 and 32% following dorsal and median raphe stimulation, respectively) and anterior thalamus. The increase in CMRglu noted in the reticular nuclei could reflect the increased activity of the internal thalamic struc tures.
In addition to the thalamic changes, both dorsal and median raphe stimulation resulted in an in creased CMRg\u in a very limited number of cortical regions; frontal motor, frontal sensorimotor, and frontoparietal somatosensory cortices (Table 1 b ; Fig. 1 ). Even within these regions, the CMRg\u changes were restricted to those parts that sub served the somatotopic representation of the rat's head and face (Hall and Lindholm, 1974) . This is consistent with the behavioral changes that we ob served after electrical stimulation of either the dorsal or the median raphe, namely, stereotyped movements of the head and to a lesser extent of the forelimbs. These movements included head weaving, gnawing, vibrissal stimulation, and nys tagmus and are similar to those reported for the 5hydroxytryptamine syndrome induced by the ad ministration of serotonergic agonists (Ortmann, 1984) . The increased CMRg\u, or cortical activation, was both columnar and laminar in nature ( Fig. I) .
Glucose utilization was increased within vertical cylindrical profiles that correspond to the columns or barrels described electrophysiologically [for re view, see Collins (1980) ]. There was no zone of metabolic inhibition between the columns since in these intercolumnar areas CMRg\u was the same as that of the sham-stimulated rats. In those cortical areas affected by raphe stimulation, the greatest elevation in glucose use was seen in lamina IV, though within the columns increases were also seen in layers II and VI. Thus, electrical stimulation of both raphe nuclei elicits an increase in CMRg\u in several neuroanato mically organized circuits. The fact that, in parallel, unpublished experiments, these stimulation-in duced modifications were obtunded by the prior administration of 5, 7-dihydroxytryptamine, a spe cific toxin for serotonergic neurons (Jonsson, 1980) , suggests that the observed changes are es sentially due to activation of these neurons and are not due to stimulation of fibers of passage. (Al though 5, 7-dihydroxytryptamine pretreatment al most totally abolished the stimulation-induced in creases in local CMRg\u, the intensity and char acteristics of the stimulation-induced head movements were unchanged.) Supporting evidence for this specificity of stimulation is given in that the pattern of metabolic activation is similar after dorsal or median raphe stimulation despite the fact that there is a distinct spatial separation between these two nuclei. However, the difference between stimulation of the dorsal and the median raphe nu cleus may be somewhat artificial. Stimulation of the dorsal raphe increases glucose use in the me dian raphe from II 1. 7 ± 4. 8 to 149. 5 ± 7. 3 j.Lmolll00 g/min (p < 0. 01). Well-described recip-rocal anatomical connections exist between the dorsal and median raphe nuclei (Steinbusch and Nieuwenhuys, 1983) . Thus, it would appear that stimulation of the dorsal raphe nucleus can recruit the ascending pathways that emanate from the me dian raphe, a possibility that would explain why dorsal stimulation exerts qualitatively and quantita tively more pronounced effects on cerebral glucose utilization.
Our previous studies have demonstrated that electrolytic lesions of either the dorsal or the me dian raphe nucleus failed to modify CMRg\u in those thalamic and cortical areas in which electrical stim ulation elicited a metabolic activation (McCulloch et aI. , 1984) . These contrasting findings suggest that ascending serotonergic neurons exert a phasic rather than tonic influence on integrated functional activity within the brain. This hypothesis is consis tent with the fact that firing activity in the dorsal raphe nucleus is maximal during wakefulness and ceases completely during the nonparadoxical phases of sleep (Lydic et aI., 1984) .
Our present studies may be of relation to both the mood changes and the neurological deficits that occur in the prodromal and headache phases of this disease. Indeed, raphe stimulation increases func tional activity in those thalamic structures that serve as relays for the processing of limbic, soma tosensorial, and nociceptive information and in well-circumscribed cortical areas that essentially correspond to the somatotopic representation of the face and head. The phasic nature of the raphe influence on integrated functional activity has a correlate in the episodic and diurnal nature of the migraine attack.
It is always difficult to extrapolate results ob tained from laboratory investigations to a clinical condition as complex or multifaceted as migraine. Nonetheless, we propose that the functional conse quences of rostral raphe stimulation may be of heuristic value in the study of the pathogenesis of migraine.
